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Abstract 

The activity of hydrocarbon (HC) and CO oxidation on Pt/Al2O3, Pd/Al2O3, and Pd-

Pt/Al2O3 model catalysts was compared under three exhaust-gas model conditions of 

stoichiometric gasoline (12 % CO2, 12 % H2O, 5000 ppm CO, 3975 ppm HCs, 1670 

ppm H2, 1000 ppm NO and 1.5 % O2) lean burn Diesel (10 % O2, 6 % CO2, 6 % H2O, 

4233 ppm HCs, 2000 ppm CO, 1000 ppm NO and 400 ppm H2) and lean burn natural 

gas engines (on 10 % O2, 6 % CO2, 12 % H2O, 3290 ppm HCs, 1000 ppm NO, 700 

ppm NO, 400 ppm H2 and 100 ppm HCHO) with the HCs containing methane, 

ethane, propane, ethylene and propylene on laboratory test benches. The catalysts 

were prepared by impregnation and then washcoated on ceramic honeycombs. 

Characterization revealed similar surface areas and loadings of the samples. The 

mean particle size of the PGM nanoparticles on Pd/Al2O3 and Pd-Pt/Al2O3 was 

2.5 nm and 2.3 nm, respectively, while significantly bigger particles (9.4 nm) were 

observed on Pt/Al2O3. Distinct differences in catalytic activity were observed over the 

three catalysts under the investigated conditions. Pd based catalysts demonstrated 

the best CH4 oxidation activity under lean conditions being higher under Diesel 

conditions due to lower water in the exhaust-gas which also affects other gaseous 

species.  However, under stoichiometric gasoline conditions Pt provided the highest 

activity for methane oxidation and Pd/Al2O3 and Pd-Pt/Al2O3 hardly convert any 

methane. Unsaturated HCs and CO on the other hand were converted at lower 

temperature over Pd containing catalysts under stoichiometric conditions whereas in 

excess of oxygen Pt/Al2O3 and the Pt containing Pd-Pt/Al2O3 demonstrated better 

activity than pure Pd. The impact of CO, hydrocarbons and water on CH4 and 

formaldehyde conversion under lean conditions was investigated by means of light-

off experiments. Pt/Al2O3 was found to provide excellent activity in formaldehyde 

oxidation but lacks from its sensitivity to CO inhibition. The Pd based catalysts on the 

other hand are negatively affected by water concentration even from the total 

oxidation of accompanying hydrocarbons. In general, the bimetallic catalyst was 

found to combine advantages of both metals and demonstrates a good choice for a 

catalyst that has to face highly fluctuating gas composition like in dual-fuel 

application.   
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1 Introduction 

 

Catalytic combustion over platinum-group metals (PGM) is an efficient way to meet 

increasingly strict emission requirements and is utilized for over half a century in 

exhaust-gas after-treatment [1]. In Diesel Oxidation Catalysts (DOC), NOx-Storage 

Catalysts (NSC) and Three-Way Catalysts (TWCs) Pd and Pt demonstrated to be the 

best choice for the oxidation of CO, Hydrocarbons (HC) and NO [2, 3]. Recently, a 

strong focus of research has been laid on total oxidation of methane as it acts as a 

strong greenhouse gas and the catalytic challenges arising from the high stability of 

the methane molecule [4, 5]. Furthermore, increasing interest in the oxidation of 

formaldehyde might arise in the future due to its toxicity and its EU classification to 

presumably have cariogenic potential [6]. 

Both gases can be emitted from gasoline engines, Diesel engines and especially 

engines running on natural gas. The exhaust-gas conditions related to the different 

engines strongly differ in temperature and particularly in gas composition requesting 

tailor made catalysts for emission control. For lean burn dual-fuel engines that can be 

run on both, Diesel and natural gas [7], one catalyst has to operate under various 

conditions depending on the utilized fuel. 

The oxygen concentration in the exhaust-gas is one of the most significant 

parameters influencing the oxidation activity [8, 9] and allows to distinguish between 

two cases: lean and stoichiometric. 

Under lean conditions, Pd is the most active metal for total oxidation of methane 

[4]. The active phase for methane oxidation is still under debate. PdO, which is the 

thermodynamically favored phase under oxygen rich conditions up to temperatures of 

approximately 750 °C, is reported to be the active species [10, 11] or part of an even 

more active Pd-PdO pair [12, 13]. The catalyst activity is furthermore influenced by 

Pd particle size [14-16], support material [17, 18] and the addition of small amounts 

of Pt, which can improve the sintering resistance of Pd catalysts [19, 20] and 

increase the methane oxidation activity [21-27]. However, pure Pt based catalysts 

provide poor activity in methane oxidation [28] under lean conditions probably due to 

deactivation by adsorbed oxygen on the metallic Pt sites hindering the dissociative 

adsorption of methane [8, 29]. Besides these catalyst properties also the presence of 

various gas components influences the catalytic activity. Pd based catalysts are 

strongly inhibited by the presence of water [9, 30, 31] (also shown in Fig. 4), which is 
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discussed to be caused by formation of Pd(OH)2 [32], surface hydroxyls on PdO or 

hydroxyls on the support material [33, 34]. Linked to this phenomena is also the 

inhibition and deactivation of fresh Pd catalysts by hydrogen which is oxidized to form 

water on the active sites [35]. For Pt on the other hand, water is reported to have 

either a negative effect [36, 37] or no effect [38]. Furthermore, recent studies 

investigated the effect of nitric oxides on Pd and Pd-Pt based catalysts. Under dry 

reaction conditions, inhibition by NO was reported [39], while in the presence of water 

vapor a promoting and stabilizing effect was observed [35, 40] probably due to 

cleaning of the active surface sites from hydroxyl species by the formation of HNO 

[39]. Other inhibiting species are the known poisons sulfur [41, 42] and phosphor [43] 

that show stronger poisoning on Pd than on Pt catalysts [44]. In contrast to CH4 

oxidation, formaldehyde oxidation is studied to a much lesser extent. Some 

publications on catalytic HCHO oxidation for indoor air control [45] or exhaust-gas 

after-treatment in CNG-fueled buses [46] revealed the excellent activity of Pd and Pt.  

While all the aspects described above apply for fuel lean conditions, PGM based 

catalysts behave differently under stoichiometric or also rich conditions. Pt becomes 

much more active for CH4 oxidation at lower oxygen partial pressures and therefore 

lower coverage of the aforementioned inhibiting oxygen adsorbent. Pd on the other 

hand becomes less active [9]. However, the sensitivity of Pd towards water inhibition 

decreases under stoichiometric conditions [9]. 

   

The objective of the present study was to systematically investigate the activity of Pd, 

Pt and Pd-Pt/Al2O3 catalysts under three exhaust-gas model conditions of 

stoichiometric gasoline, lean burn Diesel and lean burn natural gas engines. 

Therefore, model catalysts with similar noble metal loadings were prepared and 

thoroughly characterized by N2 physisorption, X-ray diffraction (XRD), and High-angle 

annular dark-field scanning transmission electron microscopy (HAADF-TEM). The 

catalysts were examined by light-off experiments on laboratory test benches. 

Distinctive differences with respect to methane or formaldehyde oxidation between 

the gas compositions were further investigated. Therefore, the impact of different gas 

components such as water, CO, and hydrocarbons was systematically studied by 

variations of their concentrations in selected light-off experiments. 
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2 Experimental 

All reported values with respect to gas concentrations are volume concentrations (% 

and ppm) and for noble metal loading mass concentration (%). 

2.1 Catalyst preparation 

For this study, three different 3 % loaded powdered catalysts were synthesized, 

i.e. Pd/Al2O3, Pt/Al2O3 and Pd-Pt/Al2O3 (Pd:Pt, 5:1). The samples were prepared by 

incipient wetness impregnation of γ-Al2O3 (Sasol). An aqueous solution of either tetra  

ammine palladium(II) nitrate or tetra ammine platinum(II) nitrate or a mixture of both 

with Pd:Pt ratio of 5:1 was used for impregnation of the carrier. After drying at room 

temperature for 12 h and at 70 °C for 1 h consecutively, the resulting samples were 

calcined in static air at 600 °C for 5 h. Then ceramic honeycombs with 5 cm length 

and 2 cm in diameter with a cell density of 400 cpsi (channels per square inch) were 

coated. The slurry was prepared by ball milling 10 g of obtained powdered catalyst 

with 30 g water for 60 min. 1 g of highly dispersible boehmite powder (Disperal from 

Sasol) was added as binder under continuous steering. A pH value of 3-4 was 

adjusted by adding nitric acid. The honeycomb channels were completely filled with 

the slurry using a syringe. Excess slurry was blown out and the sample was dried 

under continuous rotation. This procedure was repeated for several times to reach 

the desired PGM loading. The coated honeycombs were calcined at 600 °C for 5 h in 

static air. Unused slurry was dried at room temperature for several days, dried at 

70 °C for 2 h and calcined at 600 °C for 5 h in static air for characterization. The 

obtained catalyst honeycombs and powders were de-greened at 700 °C in 10 % O2, 

5 % H2O, 5 % CO2 in N2 with a GHSV of 30,000 h-1 [47] in order to ensure stability 

during the different experiments. 

 

2.2 Catalyst characterization 

The surface area was determined by N2 physisorption at – 196 °C according to 

the Brunauer-Emmet-Teller (BET) method [48] on a BELSOPRP-mini instrument 

(MicrotracBEL, Osaka, Japan). Prior to the analysis, the powdered samples were 

degassed at 300 °C for 2 h. 
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The noble metal loading was determined by X-ray fluorescence (XRF).  

XRD patterns were recorded using a Bruker Advance D8 diffractometer with Cu 

Kα radiation (wavelength = 1.54 Å). The patterns were recorded between 20° and 

90° with a step size of 0.016° and an acquisition time of 0.51 sec per point. Average 

crystallite sizes were determined using the Scherrer-equation.  

The particle size and chemical composition of the catalysts was studied by 

HAADF-STEM in combination with energy-dispersive X-ray spectroscopy (EDXS) 

using an FEI OSIRIS ChemiSTEM microscope at 200 kV acceleration voltage. The 

microscope is equipped with a high brightness electron source and four BRUKER 

Silicon drift detectors (SDD) for high efficiency collection efficiency and high counting 

rates, especially eligible for characterizing chemical composition of nanoparticles. 

TEM samples were prepared by deposition of particles on an amorphous carbon 

(Lacey-) film copper grid. EDXS spectra were acquired by either scanning a 

rectangular sample area (EDXS mapping) containing numerous particles and 

summing up the X-ray counts (average composition), or by measuring single nano 

particles (spot measurement; individual composition of the characterized NP). 

Quantification of the EDX spectra was performed with the BRUKER software 

package ESPRIT, using the Pd-L and Pt-L lines. Element concentrations were 

derived on basis of the Cliff-Lorimer approximation, implemented in the ESPRIT 

software. 

2.3  Tests on catalyst test bench 

Tests with the monolithic catalysts ware performed on two similar test benches 

one located at Oak Ridge National Laboratory (ORNL) and one at Karlsruhe Institute 

of Technology (KIT). In both set-ups, the catalyst is placed inside a quartz glass 

reactor surrounded by a furnace. Gases are dosed via mass flow controllers and are 

analyzed by an IR gas analyzer (MKS, MG2030). Small differences in technical 

details between the set-ups exist.  

At ORNL the monolithic samples were fixed with thermally cleaned fiberglass and 

temperature was monitored using three K-type thermocouples with 0.5 mm diameter; 

3 mm upstream and 3 mm downstream of the catalyst and inside a honeycomb 

channel at the midpoint of the catalyst. The inlet gas mixture was controlled by mass-

flow controllers (MKS) and an in-house built water vapor delivery system [49].  
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At KIT, the catalyst was fixed with a fiber mattress and temperature was 

monitored with N-type thermocouples placed 3 mm upstream and 3 mm downstream 

of the monolithic sample. The gas composition was provided using mass flow 

controllers and a controlled evaporation mixture (Bronkhorst) for dosing water. 

Formaldehyde dosage was realized by bubbling nitrogen as carrier gas through a 

methanol free aqueous formaldehyde solution. The temperature of the solution was 

controlled by Eurotherm controllers based on a thermocouple inside the solution.  

A comparison of both setups in terms of a light-off/light-out experiment with 

Pd/Al2O3 catalysts (procedure as described later) revealed a difference in the light-

out temperature for methane (temperature at which 50 % are converted) of 9 K 

(KIT: 449 °C; ORNL: 458 °C). As reason for this small discrepancy at high 

temperature, several factors such as different flow conditions, difference in pressure 

inside the reactor as well as a difference in the temperature profile along the catalyst 

can be addressed. 

The catalytic performance of the prepared catalysts was evaluated under 

different simulated exhaust conditions by means of light-off/light-out experiments. 

The gas compositions investigated are summarized in Tab. 1 and are based on the 

“Aftertreatment Protocols for Catalyst Characterization and Performance Evaluation” 

from the U.S. DRIVE Advanced Combustion and Emission Control (ACEC) Technical 

Team [47] and on engine out data obtained from industry partners. Typical conditions 

for Diesel engines (low temperature combustion of Diesel, LTC-D), gasoline engine 

(stoichiometric gasoline direct injection, S-GDI) and lean gas engines (compressed 

natural gas, CNG) were extended with 3000 ppm CH4. All experiments were 

performed at a GHSV of 30,000 h-1. 

A typical experiment consisted of a pre-treatment at 600 °C with 10 min 0.2 % H2 

in N2 and 10 min 12 % O2, 12 % H2O and 6 % CO2 in N2. The pre-treatment 

consisting of a reducing and oxidizing step was necessary to provide the catalyst in a 

defined and active state prior to the activity tests. The reported pre-treatment 

procedure assured that the tests performed with only one catalyst sample are 

comparable and not influenced by a catalyst deterioration over time. After 

consecutive cooling to 550 °C in N2, the gas compositions (Tab. 1) were applied. 

Temperature was held for 10 min, lowered with 2 K/min to 125 °C and ramped up 

again with 2 K/min to 575 °C. If not mentioned explicitly, the presented activity data 

are reported for the inlet temperature. Furthermore, only conversion profiles during 
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cooling down (light-out) are presented, since this reflects the activity immediately 

after catalyst pre-treatment. 

For Pd-Pt/Al2O3 additionally concentration profiles along the catalyst channel were 

obtained under isothermal conditions using SpaciMS [50, 51] to investigate the effect 

of the presence of ethylene on the CH4 oxidation activity. These tests were 

performed at the same setup at ORNL as described above. A fused silica capillary 

(180 µm I.D.) was inserted in a honeycomb channel from the catalyst outlet. The 

movable capillary was connected to a mass spectrometer (MS) to analyze the gas 

composition sucked through the capillary. Furthermore, a movable thermocouple was 

inserted in a neighboring channel to measure the temperature with axial resolution. 

The experiment consisted of a pre-treatment of the catalyst at 600 °C (10 min 0.2% 

H2 in N2 and 10 min at 12 % O2, 12 % H2O and 6 % CO2 in N2) and consecutive 

cooling to 335 °C (temperature measured at inlet thermocouple) in air. At this 

temperature 12 % O2, 3000 ppm CH4, in N2 with either 0 or 850 ppm C2H4 were 

dosed to the catalyst. The adjustable capillary and thermocouple were moved in 2 to 

3 mm steps to collect data at different axial position for about 30 s which was 

sufficient to ensure stable temperature conditions and MS signal. 
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Tab. 1: Gas compositions for light-off/light-out tests. All compositions balanced by N2. 

 O2 CO2 H2O CH4 H2 CO C2H4 C2H6 C3H6 C3H8 HCHO NO 

 [%] [ppm]  

LTC-D 12 6 6 3000 400 2000 850 0 333 50 0 1000 

LTC-D 

H2O 
12 6 12 3000 400 2000 850 0 333 50 0 1000 

LTC-D 

H2O w/o 

HC 

12 6 12 3000 0 0 0 0 0 0 0 1000 

CNG 12 6 12 3000 400 700 100 150 40 0 100 100 

S-GDI 1.5 12 12 3000 1670 5000 325 0 500 150 0 1000 

HCHO 12 6 12 3000 0 0 0 0 0 0 100 0 

HCHO + 

CO 
12 6 12 3000 0 700 0 0 0 0 100 0 

HCHO + 

high CO 
12 6 12 3000 0 1400 0 0 0 0 100 0 

HCHO 

less H2O 
12 6 6 3000 0 700 0 0 0 0 100 0 
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3 Results and discussion 

3.1 Characterization

 

Fig. 1: XRD patterns of Pt/Al2O3, Pd/Al2O3, and Pd-Pt/Al2O3 after de-greening.  

Since the same Al2O3 was used as a support material during the synthesis, the 

catalysts show very similar BET surface area values of 115 to 125 m²/g. The noble 

metal content obtained by ICP-OES analysis is close to 65 g/ft³, with Pd-Pt/Al2O3 

being slightly higher loaded (Tab. 2). From XRD (Fig. 1), the presence of broad 

reflections for γ-Al2O3 from the support were found (2θ = 46.1°) as well as sharp 

reflections for α-Al2O3. This α-Al2O3 was found to be a contaminant derived by 

abrasion from the balls and container during ball milling made of corundum. Pt/Al2O3 

shows reflections for metallic Pt while the Pd containing samples only show 

reflections for PdO. In both cases the calculated crystallite size is in the range of up 

to 10 nm. The results from XRD are confirmed by electron microscopy showing 

particles with diameters bigger than 10 nm. However, the particle size distribution 

strongly differs for the three catalysts. On the one hand, Pd/Al2O3 as well as Pd-

Pt/Al2O3 predominantly consist of X-ray amorphous particles smaller than 3 nm 

proving a good noble metal dispersion (Fig. 2a and b). Only few particles with 

diameters up to 12 nm were found, which are responsible for the reflections in the 

XRD patterns. On the other hand, the Pt/Al2O3 shows a broad particle size 

distribution with particles up to 50 nm in diameter. For Pt/Al2O3 mean particle size 
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calculated from TEM fits well with the crystallite particle size calculated by the 

Scherrer equation (Tab. 2). During calcination and especially during de-greening at 

700 °C under oxidizing conditions the Pt particles in Pt/Al2O3 underwent a much more 

severe sintering than Pd and Pt in the Pd containing catalysts assuming a similar size 

distribution after dry impregnation. According to literature reports Pt particles have 

poor stability under oxidizing conditions [52-54] while Pd is much more stable due to 

the formation of stable PdO [53]. For the bimetallic catalyst an even smaller mean 

particle diameter was observed compared to the Pd only catalyst and in contrast to 

Pt/Al2O3 no Pt particles bigger 13 nm could be found. Pd is known to stabilize Pt 

particles by trapping them and forming a stable Pd-Pt alloy [24, 55]. On the other 

hand, Pt is reported to improve the sintering resistance of Pd particles due to the 

presence of more stable Pd-Pt mixed particles at higher temperatures [19, 20]. EDX-

scans (Fig. 2 d) revealed the presence of bimetallic Pd-Pt particles in the Pd-Pt/Al2O3 

catalyst explaining the smaller particles and the absence of large Pt particles. 

 

Fig. 2 TEM micrographs and particles size distribution of Pd/Al2O3 (a), Pd-Pt/Al2O3 (b), and Pd-Pt/Al2O3 (c). EDX 
mapping of a ~ 7 nm bimetallic Pd-Pt particle (d). 
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The catalysts properties are summarized in Tab. 2. Surface area and noble 

metal loading are in a comparable range. While Pd/Al2O3 and Pd-Pt/Al2O3 are 

composed of small nanoparticles with a narrow size distribution, the particles on 

Pt/Al2O3 are much bigger resulting in lower noble metal surface area. 

Tab. 2: Summary of catalyst properties derived from characterization 

Sample PGM loading 

[g/ft³]  

BET surface area 

[m²/g] 

Dm derived from 

STEM [nm] 

Dm derived from 

XRD [nm] 

Pt/Al2O3 65 125 9.4 8.9 

Pd/Al2O3 64 115 2.8 10.5 

Pd-Pt/Al2O3 69 125 2.3 10.9 

 

   

3.2 Activity under different engine operation conditions 

The catalytic activity of Pt/Al2O3, Pd/Al2O3 and Pd-Pt/Al2O3 was evaluated for the 

different exhaust gas mixtures, typical for LTC-D, CNG and S-GDI engines. The 

LTC-D mixture contains high levels of CO, NOx and hydrocarbons encountered in a 

conventional diesel engine. In contrast, the concentrations for these pollutants are 

prominently lower for the CNG mixture, however, it additionally contains carcinogenic 

formaldehyde and a high water concentration. The S-GDI mixture is furthermore 

characterized with a low oxygen concentration. 

3.2.1 LTC-D conditions 

Fig. 3 represents the catalytic performance of Pt/Al2O3, Pd/Al2O3 and Pd-Pt/Al2O3 under different reaction 
conditions. In addition, the T50 temperatures for CH4, C3H6 and HCHO oxidation are given in  

 

 

 

 

Tab. 3. Under LTC-D conditions (Fig. 3 a - c) the performance of the different 

catalysts with respect to methane strongly differs. While Pd/Al2O3 and Pd-Pt/Al2O3 

reach full conversion above 500 °C with a T50 = 390 °C, the Pt based catalyst hardly 

oxidizes CH4 up to 575 °C (only 23 % at 575 °C). The good oxidation activity of the 

Pd based samples can be attributed to the high dispersion of the noble metals and to 

the high activity of PdO being present under these conditions [4]. Pt, however, suffers 

from inhibition by coverage of surface oxygen [8]. Between Pd/Al2O3 and Pd-Pt/Al2O3 
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no difference in T50 for CH4 oxidation is observed. A beneficial effect of Pt addition to 

Pd has not been encountered under these conditions. However, a positive effect is 

observed on oxidation of the other hydrocarbons and CO. Pure Pt/Al2O3 provides the 

same light-out temperature for C2H4 and C3H6 of 200 °C. This occurs after CO is 

completely oxidized and the Pt surface is not inhibited by competitive CO adsorption 

anymore [56, 57]. T50 for CO oxidation is almost the same on Pd/Al2O3 and Pt/Al2O3 

although the activity of Pd is normally reported to be higher [58-60] when tested in 

simple feed gas conditions. However, when a variety of other hydrocarbons is 

present, inhibition effects on Pd as well as on Pt can lower the CO oxidation activity 

[61, 62]. In fact, based on the number of available active species, Pt provides the 

higher activity in CO, C3H6 and C2H4 oxidation. On the bimetallic sample, CO was 

oxidized at the lowest temperature i.e. 160 °C. This sample combines the presence 

of highly active Pt and exhibits high dispersion which also explains a better C2H4 and 

C3H6 oxidation activity compared to Pd/Al2O3. In Fig. 3 a) the good activity of Pt 

towards NO oxidation can clearly be seen [63], which is also reflected in the slightly 

higher NO oxidation activity of the bimetallic sample compared to the Pd only 

catalyst. In general, on the Pd containing samples the trend for T50 is 

CO < C2H4 < C3H6 < CH4. On Pt a trend for C2H4 and C3H6 oxidation is not detectable 

due to the inhibition by the presence of CO but a very low activity for CH4 oxidation 

can be observed.   

3.2.2 CNG conditions 

The performance of the catalysts under typical lean burn gas engine conditions are summarized in Fig. 3 d) to f). 
On Pt/Al2O3, formaldehyde, C3H6 and C2H4 are converted at the same temperature with a T50 of 194 °C after 
complete oxidation of CO. Again, Pt provides high activity in oxidation of unsaturated hydrocarbons and also of 
formaldehyde, but is negatively influenced by surface coverage with CO. A more detailed view on that is given in 
Chapter 3.5. However, unlike HCHO and the unsaturated hydrocarbons, the activity towards saturated 
hydrocarbons is poor. CH4 and C2H6 conversion only starts above 450 °C and no complete conversion was 
observed up to 575 °C similar to the Diesel conditions. On the Pd containing samples the conversion profiles for 
the different species are much more spread over the whole temperature range with the general trend in oxidation 
activity being CO > C3H6 ≈ HCHO > C2H4 > C2H6 > CH4. Again, under lean conditions the activity of Pd towards 
total oxidation of methane is much higher than of Pt. Under the CNG conditions the bimetallic sample even 
provides a higher activity with a T50 of 427 °C compared to the Pd only sample with a T50 of 448 °C ( 

 

 

 

 

Tab. 3). The same trend is observed for the other saturated hydrocarbon ethane. 

However, C2H6 is oxidized at lower temperature than CH4 due to lower C-H bond 

strength and higher “stickiness” of the longer chain molecule on PdO [64]. Beneficial 
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effects of Pt addition in the bimetallic catalyst, like a reduced Pd-O bond strength [21] 

and increased Pd to PdO [23-26] ratio, might come into effect under the tested 

conditions. Considering the oxidation of formaldehyde, the Pd-Pt/Al2O3 catalyst 

shows the best performance with a T50 of 176°C being 15 K lower than for Pt and 

89 K lower than for Pd/Al2O3. In analogy to the LTC-D conditions this can be 

attributed to the presence of highly dispersed and highly active Pt [65] in the 

bimetallic sample and the lower T50 for CO diminishing its poisonous effect. 

Interestingly the shape of the HCHO conversion profile is different to the standard 

S-shaped curve showing a small plateau between about 30 and 50 % conversion. 

This feature was reproducible in repeating light-out experiments. The change in slope 

coincides with a change in slope for CO oxidation and with the start of propylene 

oxidation suggesting inhibiting effects of these species on each other. A similar 

shape was observed by Khosravi et al. [66] for propylene in presence of CO and NO. 

 Compared to tests under LTC-D conditions with similar oxygen concentration, 

several differences can be observed. For the Pd based catalysts a higher 

temperature for methane conversion is observed under CNG conditions. The 

difference in light-out temperature of 56 K (Pd/Al2O3) and 37K (Pd-Pt/Al2O3) between 

LTC-D and CNG can be ascribed to either the difference in H2O concentration or 

HC/CO concentrations in the different gas compositions. Such differences were not 

observed for the Pt/Al2O3 catalyst suggesting that differences in H2O and 

hydrocarbon (HC) concentrations do not affect the methane oxidation on Pt in this 

temperature range. This issue will be further examined in Chapters 3.3 and 3.4. 

 

3.2.3 S-GDI conditions 

The results for conversion under stoichiometric conditions can be found in Fig. 3 g) 

to i). Complete CH4 conversion within the investigated temperature was only 

achieved over Pt/Al2O3 with a T50 of 504 °C. Under the stoichiometric conditions the 

inhibition by O2 is minor, leading to the superior activity. The CH4 oxidation is 

accompanied by the conversion of NO which has to be consumed for total oxidation 

of methane. On Pt/Al2O3, CO conversion starts at 200 °C and only slowly rises until a 

fast change in slope occurs at 325 °C and CO gets fully converted above 345 °C. 

The conversion of ethylene and propylene starts simultaneously to the fast increase 

in CO conversion at 325 °C. Both alkenes conversion curves superimpose perfectly. 
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At this temperature, a net lean atmosphere is present since the conversion of 

methane, which is present in high concentrations, only starts at temperatures of 150 

K higher. Compared to the lean conditions, the conversion of CO and C3H6 is shifted 

to much higher temperatures. Highest temperature necessary for light-out of CO on 

Pt/Al2O3 occurred under stoichiometric conditions. In that case O2 concentration is 

lowest leading to lower activity [67, 68] and the CO concentration is the highest (5000 

ppm) reinforcing the self-inhibition. However, under all conditions tested the C3H6 

oxidation is coupled to the CO oxidation.  

On the Pd based catalysts CO as well as C2H4 and C3H6 conversion start at 

much lower temperature than on Pt. However, like for Pt/Al2O3, their oxidation is 

linked to the conversion of CO suggesting an inhibition by CO coverage on the Pd 

sites. On Pd/Al2O3 the T50 for CO is 210 °C and on Pd-Pt/Al2O3 204 °C which is more 

than 100 K lower than on Pt/Al2O3. The inhibition by CO is less pronounced on the 

Pd based systems. A methane conversion of only 23 % at 550 °C on the Pd only 

catalyst and 37 % on the bimetallic sample was reached. Compared to Pt, methane 

oxidation activity of Pd based systems under stoichiometric conditions is rather low, 

in accordance with literature [69]. Under stoichiometric conditions Pd is present as a 

mixture of Pd and PdOx [70] that clearly shows lower activity. The addition of small 

amounts of Pt shows a positive effect here which can be explained by the presence 

of Pt sites with higher activity than Pd sites. Since methane conversion did only occur 

to a small extent, the conversion of NO could not take place under the oxygen excess 

conditions at high temperature over Pd and Pd-Pt/Al2O3. 
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Fig. 3. Conversion profiles during cooling down over Pd, Pt and Pd-Pt/Al2O3 in different gas atmospheres. a) 
Pt/Al2O3, b) Pd/Al2O3 and c) Pd-Pt/Al2O3 under L-TCD conditions: 12 % O2, 6 % H2O, 6 % CO2, 3000 ppm CH4, 
2000 ppm CO, 1000 ppm NO, 850 ppm C2H4, 400 ppm H2, 333 ppm C3H6, 50 ppm C3H8. d) Pt/Al2O3, e) Pd/Al2O3 
and f) Pd-Pt/Al2O3 under CNG conditions: 12 % O2, 12 % H2O, 6 % CO2, 3000 ppm CH4, 700 ppm CO, 100 ppm 
NO, 100 ppm C2H4, 150 ppm C2H6, 40 ppm C3H6, 100 ppm HCHO. g) Pt/Al2O3, h) Pd/Al2O3 and i) Pd-Pt/Al2O3 
under S-GDI conditions: 1.3 % O2, 12 % H2O, 12 % CO2, 3000 ppm CH4, 5000 ppm CO, 1000 ppm NO, 325 ppm 
C2H4, 1670 ppm H2, 500 ppm C3H6, 150 ppm C3H8. GHSV = 30,000 h

-1
. 
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Tab. 3 T50 temperatures of CH4, C3H6, CO and HCHO over Pd, Pd and Pd-Pt/Al2O3 under different reaction 
conditions during cooling down. 

 T50 [°C] 

 LTC-D CNG S-GDI 

 Pt Pd Pd-Pt Pt Pd Pd-Pt Pt Pd Pd-Pt 

CH4 - 392 393 - 448 427 504 - - 

C3H6 209 224 174 194 235 176 339 214 207 

CO 195 193 160 185 186 161 336 210 204 

HCHO - - - 191 265 176 - - - 

 

 

 
 

3.3 Influence of water under lean conditions 

In chapter 3.2.2 the potential inhibition of water on the conversion of HCs was 

discussed to be responsible for the lower conversion of Pd/Al2O3 and Pd-Pt/Al2O3 

during CNG conditions compared to LTC-D conditions. Furthermore, future engines 

might be equipped with a water injection system reducing the combustion 

temperature and therefore lowering the NOx emissions and enabling, among other 

measures, a higher compression ratio, which leads to higher engine out water 

concentrations [71, 72]. Therefore, experiments with higher water concentration 

under lean conditions (LTC-D H2O in Tab. 1) were conducted keeping all other 

parameters constant. The effect of higher water concentration on the different 

catalysts is summarized in Fig. 4. As already discussed before, the Pt based catalyst 

demonstrates no sensitivity to an increased water concentration. Unlike under 

stoichiometric or rich conditions [73], the higher water concentration does not boost 

the CO oxidation. However, also a negative impact was not observed, reflected in 

almost identical T50 and T90 for the HCs and CO. This is contrary to a reported 

negative influence of increasing the water concentration from 0 to 10 % on methane 

oxidation [36]. However, in contrast to the study of Amin et al. [36] our experiments 
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were performed in the presence of other HCs and CO and the water concentration 

was raised from already 6 % to 12 %. Under these conditions typical for lean engine 

exhaust, Pt was found not to be influenced by higher water concentration. 

Pd/Al2O3 and Pd-Pt/Al2O3 revealed almost identical behavior. The trend in changes of 

T50 and T90 is the same for both catalysts with the only differences being the extent 

and initial temperature. No effect on CO and C3H6 oxidation activity was observed 

with higher water concentration while the T50 and T90 for CH4 and C2H4 increased 

substantially. For CH4 oxidation an inhibiting effect of water concentration is well 

known and normally a reaction order of -1 to -1.1 is reported with respect to water 

[74, 75]. Formation and accumulation of water as well as competitive adsorption of 

water and methane has been discussed to cause the activity drop and long-term 

deactivation [30, 37, 76]. This change in active surface composition also affects the 

conversion of C2H4. C3H6, which should have similar properties as C2H6, however, is 

not affected by water concentration. Rotko et al. [77] reported the presence of two 

different sites with different activity towards CH4 oxidation, which could explain this 

behavior. The highly active surface sites that are necessary for fast CH4 and C2H4 

oxidation might also be strongly affected by the presence of water. C3H6 oxidation on 

the other hand with a lower C-H binding energy and higher sticking coefficient might 

not depend noticeably on the presence of these sites and therefore is not influenced 

by the presence of water. 

Caporali et al. [78] reported an enhanced CO and also C3H6 oxidation over palladium 

via reaction of adsorbed CO with water derived species. This phenomenon was not 

observed for the Pd based samples in our study reflected by the constant T50 and T90 

in Fig. 4 a) and b) most probably due to the fact that water was present in both 

composition (6 and 12 %) and therefore the positive effect of water is already 

incorporated in the 6 % water case. Increasing water concentration seems not to 

promote the reaction further since a saturation came into effect at 6 % water.  
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Fig. 4: Temperatures of 50 % and 90 % conversion during light-out experiments over a) Pt/Al2O3, b) Pd/Al2O3 and 
c) Pd-Pt/Al2O3 with two different gas mixtures. The gas mixtures are LTC-D and LTC-D H2O and differ in water 
concentration (6% and 12%). LTC-D: 12 % O2, 6 % H2O, 6 % CO2, 3000 ppm CH4, 2000 ppm CO, 1000 ppm NO, 
850 ppm C2H4, 400 ppm H2, 333 ppm C3H6, 50 ppm C3H8. LTC-D H2O: 12 % O2, 12 % H2O, 6 % CO2, 3000 ppm 

CH4, 2000 ppm CO, 1000 ppm NO, 850 ppm C2H4, 400 ppm H2, 333 ppm C3H6, 50 ppm C3H8. 
GHSV = 30,000 h

-1
. 

 

3.4 Influence of hydrocarbons and hydrogen on the CH4 oxidation activity under 

lean conditions 

As discussed in the previous chapter, the drastic drop of methane oxidation activity 

from LTC-D conditions to CNG conditions can be linked to higher water concentration 

under gas engine conditions. However, also the composition and concentrations of 

hydrocarbons changed (Fig. 3 LTC-D and CNG) which is discussed in this chapter by 

light-out tests in presence (LTC-D H2O) and absence of CO, H2 and the 

hydrocarbons C2H4 C3H6 and C3H8 (LTC-D H2O w/o HCs).  

 The added components can influence in two different ways namely a chemical 

and a thermal effect. Due to the exothermic reaction of CO, H2 and HCs, the 

temperature along the catalyst rises and activity increases with respect to the inlet 

thermocouple. Since in this chapter we want to investigate the chemical effect of 

these gas components on the active noble metal sites, the thermal effect needs to be 

suppressed. Therefore, conversion profiles are reported for an averaged catalyst 

temperature (Taverage) which was calculated as the arithmetic mean between the inlet 

and outlet thermocouple. Thus, the exothermic promotion is incorporated.  Fig. 5 

shows the results for Pd/Al2O3 and Pd-Pt/Al2O3. The results for Pt/Al2O3 are not 

plotted since no effect on methane oxidation was observed. For the Pd containing 

samples, however, a negative effect of the presence of HCs, CO and H2 can be 
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observed. This is the case when considering the heat gain along the catalyst from the 

exothermic reaction of these components which was done by employing the catalyst 

inlet and outlet temperature represented by the average temperature calculated as 

the arithmetic average. The conversion profile is shifted to lower temperature in 

absence of these components resulting in an averaged T50 which is 11 K lower for 

Pd/Al2O3 and 7 K lower for Pd-Pt/Al2O3. Based on the inlet temperature a vice versa 

profile is observed. 

 As will be seen in the next chapter, variation in CO oxidation under lean 

conditions does not affect the methane conversion of the Pd based catalysts. 

Therefore, the negative effect must arise from the presence of the hydrocarbons and 

hydrogen. Two pathways of inhibition can be considered. Firstly, the HCs, hydrogen 

and their intermediate species might compete with the CH4 molecule for active sites 

on the surface. Such inhibition is reported for CO on propylene and vice versa [61, 

79]. However, since the temperature ranges for oxidation of methane and the added 

HCs and hydrogen are quite far apart, this is unlikely. Secondly, the water produced 

by the total oxidation of the HCs and hydrogen could cause the lower CH4 activity. 

Starting with a completely regenerated catalyst at 550 °C during the experiment, the 

catalyst surface is clean and free of adsorbates. The full conversion of the added 

hydrocarbons and hydrogen leads to production of water directly on the catalyst 

surface. This produced water contributes to either fast inhibition by blockage of active 

sites and/or the slower deactivation of the catalyst by formation of stable hydroxyls 

[80]. Although the tests were performed with 12 % external water, the smaller fraction 

of water produced via catalytic reaction on the surface can play an important role. 

Ciuparu et al. [76] observed via DRIFTS on a Pd catalyst that hydroxyls formed by 

methane dissociation lead to a higher hydroxyl coverage compared to the adsorption 

and dissociation of water molecules from the gas stream. The findings are in 

accordance to our previous study where we reported the regeneration of a Pd-

Pt/Al2O3 catalyst, deactivated under lean wet reaction conditions at 450 °C in a HC 

free atmosphere, by stopping the methane dosage [40].  
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Fig. 5 Methane conversion over a) Pd/Al2O3 and b) Pd-Pt/Al2O3 plotted over the average catalyst temperature 
(arithmetic average of Tinlet and Toutlet) under different gas compositions which vary in the presence and absence 
of CO, H2 and HC. “L-TCD H2O” conditions: 12 % O2, 12 % H2O, 6 % CO2, 3000 ppm CH4, 2000 ppm CO, 1000 
ppm NO, 850 ppm C2H4, 400 ppm H2, 333 ppm C3H6, 50 ppm C3H8. LTC-D H2O w/o HCs: 12 % O2, 12 % H2O, 
6 % CO2, 3000 ppm CH4, 1000 ppm NO. GHSV = 30,000 h

-1 

The negative impact of hydrocarbons becomes even clearer if no external water is 

fed to the catalyst. Fig. 6 summarizes the results from the experiments in presence 

and absence of additional C2H4 over Pd-Pt/Al2O3 with axial resolution. Along the 

catalyst channel, the temperature rises up to 414 °C in the absence of C2H4 and up to 

440 °C in presence of C2H4 (Fig. 6 a). The addition of a reactive hydrocarbon clearly 

changes the temperature profile and raises the average temperature of the catalyst. 

This has to be kept in mind when comparing data based on the inlet thermocouple. 

The highest temperature is measured after 40 to 45 mm in both cases linked to the 

point of complete oxidation of methane as shown in Fig. 6 b. Furthermore, the 

temperature rise in presence of C2H4 is much steeper since the exothermic oxidation 

of ethylene already completely occurs within the first 10 mm.  

From Fig. 6 b) the requirement of catalyst length for oxidation of C2H4 and CH4 can 

be extracted. Although in both experimental cases the downstream placed FT-IR 

data displayed complete oxidation of methane at constant inlet temperature, the 

SpaciMS technique revealed differences in the conversion profile and therefore on 

catalyst activity. In absence of C2H4, more than 50 % methane was converted within 

the first 10 mm of the honeycomb. For the missing 50 % conversion another 35 mm 

of catalyst was needed. With 850 ppm C2H4 being present, the conversion profile of 

methane shifts to points more far away from the catalyst inlet. In that case 19 mm are 

needed for the conversion of 50 % of methane. A clear inhibiting effect can be 

observed especially in the first 10 mm where ethylene is converted. After this 

distance the slope of the CH4 conversion profile changes and becomes steeper. As 
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discussed before, competitive adsorption and more likely the production of water and 

production of hydroxyls or other water-based adsorbates on the active sites is 

responsible for the inhibition within the first millimeters.  

 

Fig. 6 a) Axial temperature profile and b) axial conversion profile of Pd-Pt/Al2O3 at constant inlet temperature of 
335 °C in two gas compositions consisting of 12 % O2, 3000 ppm CH4 in N2 with and without 850 ppm C2H4. 
GHSV = 30,000 h

-1
.  

 

3.5 Influence of CO and water on formaldehyde oxidation under lean conditions 

To elucidate the differences in performance for HCHO oxidation of Pt, Pd and Pd-Pt 

catalysts (Fig. 3), their activity was tested in a simplified lean reaction mixture 

containing water, CO2, NO, CH4 and HCHO. In Fig. 7 the results of experiments with 

varying CO concentrations are shown. For Pt/Al2O3 it can nicely be seen that the 

performance with respect to HCHO oxidation is directly coupled to CO oxidation. In 

absence of CO, formaldehyde is completely oxidized below 125 °C revealing the 

outstanding activity of Pt for formaldehyde oxidation which is much higher than of Pd. 

Especially for ultra-low emission requirements at low temperature e.g. during cold 

start, Pt represents an excellent catalyst. However, as soon as CO is present in the 

reaction mixture, the formaldehyde conversion is inhibited [65] and T50 for HCHO 

shifts to higher temperatures with higher CO concentration. In comparison to the test 

in CNG composition (Fig. 3 d), CO oxidation occurs on lower temperatures in the 

tests represented in Fig. 7 (T50 of 144 °C vs. 185 °C). The only difference is the 

absence of hydrogen and the hydrocarbons C2H4 C2H6 and C3H6 illustrating the 

competitive adsorption of HCs and CO on the active Pt sites [61].  
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On Pd, on the other hand, the formaldehyde oxidation is not influenced by CO 

concentration as Pd is much less prone to CO inhibition. The T50 for HCHO however 

is much higher than over Pt, even in the presence of CO. Furthermore, it can be seen 

that the shape of the light-out curves of CO on Pd/Al2O3 differ from the one for HCHO 

being much broader with a smaller slope. 

The bimetallic catalyst exhibits the lowest T50 for CO oxidation in presence of 

700 ppm CO. As discussed above, this catalyst provides the smallest noble particles 

composed of Pd and highly active Pt and, therefore, the highest amount of active 

sites. However, the behavior with respect to HCHO oxidation is not influenced by the 

presence of CO and therefore “Pd-like”. The active sites for HCHO oxidation in the Pt 

containing bimetallic particles must be different to the sites in Pt/Al2O3 either due to 

the alloying with Pd or due to different particles size. If the bigger particle size in the 

Pt/Al2O3 catalyst is responsible for the exceptional activity, HCHO oxidation would be 

a highly structure sensitive reaction. Nevertheless, lower HCHO light-out 

temperatures are observed than for pure Pd/Al2O3 proving the beneficial effect of Pt 

addition.  

For all catalyst tests presented in Fig. 7, the variation of CO concentration had 

no effect on CH4 oxidation activity (not shown). The temperatures for 50 % 

conversion only differed by a maximum of 2 K which is within the range of standard 

scattering of repeating identical tests. This is not surprising, since the temperature for 

CH4 oxidation is about 200 K higher than for CO oxidation.  

 

 

Fig. 7: Conversion profiles of CO and HCHO over Pt/Al2O3, Pd/Al2O3 and Pd-Pt/Al2O3 with varying CO 
concentration from 0 to 1400 ppm. Gas composition: 12 % O2, 12 % H2O, 6 % CO2, 3000 ppm CH4, 0/700/1400 
ppm CO, 1000 ppm NO, 100 ppm HCHO. GHSV = 30,000 h

-1
. 

Besides the impact of CO on the HCHO oxidation, also differences in water 

concentration, as they can occur with varying fuel, were investigated by means of 
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light-out experiments. The impact of 6 % and 12 % water on Pd/Al2O3 and Pt/Al2O3 is 

summarized in Tab. 4. As already seen for HCs and CO in Chapter 3.3, water does 

not affect the conversion of HCHO over Pt on alumina. Over Pd however, lower water 

concentration leads to a lower T50. The conversion of HCHO involves active sites that 

are prone to water inhibition similar to the conversion of methane and ethylene. 

Tab. 4: Light-out temperatures of HCHO over Pd/Al2O3 and Pt/Al2O3 during cooling in 12 % O2, 12 % H2O, 6 % 
CO2, 3000 ppm CH4, 700 ppm CO (Pd/Al2O3) / 1400 ppm CO (Pt/Al2O3), 1000 ppm NO, 100 ppm HCHO. 
GHSV = 30,000 h

-1
.  

 T50 

6% H2O 12%H2O 

Pd/Al2O3 205 °C 213 °C 

Pt/Al2O3 160 °C 160 °C 

 

4 Conclusions 

The results of this study revealed a strong dependency of Pt/Al2O3, Pd/Al2O3 and 

Pd-Pt/Al2O3 oxidation activity on the different gas compositions provided by different 

engine concepts.  

In excess oxygen namely simulated Diesel and lean gas engine exhaust, Pd based 

catalysts show the highest activity for the oxidation of the saturated hydrocarbons 

CH4 and C2H6. Pt on the other hand is more active in saturated hydrocarbon and 

formaldehyde oxidation, but suffers from the inhibition by high concentrations of CO. 

Higher water concentration, caused by e.g. switching between Diesel and natural gas 

as fuel, only shows a negative impact on the Pd based samples and only on 

components hardly to be oxidized like methane and ethylene as well as on 

formaldehyde for the Pd only catalyst. A negative impact on CH4 oxidation on Pd 

based catalysts under lean conditions was also observed with increasing 

hydrocarbon concentration when their advantageous effect due to exothermic 

combustion was suppressed, and was addressed to the water produced on the 

surface by HC oxidation. For application under lean conditions the bimetallic Pd-

Pt/Al2O3 demonstrated the best compromise as it reduced the inhibiting effect of CO 

on Pt due to its fast oxidation and therefore utilizing the good performance of Pt for 

HCHO, C2H4 and C3H6 oxidation. Furthermore, the high amount of Pd still enables 

good conversion of CH4 that even benefits from Pt addition.  
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Under stoichiometric conditions, typical for gasoline application, the Pt catalyst 

revealed its high activity in methane oxidation. However, the inhibiting effect of CO is 

more severe at low O2 concentrations shifting the conversion of unsaturated 

hydrocarbons to higher temperature compared to the Pd based samples. Again 

Pd-Pt/Al2O3 showed highest overall performance under simulated gasoline conditions 

for CO, C2H4 and C3H6 but hardly converts any methane or NO. For low-temperature 

catalytic CH4 oxidation activity a higher Pt content is necessary, which has to be 

combined with a highly active component for CO oxidation to prevent CO poisoning 

of the Pt.  
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